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Introduction  

Pulsed laser ablation in liquids (PLAL) has 

become widely used in the preparation of nanoparticles 

(NPs) because it is an easy, fast, and low-cost approach; 

in addition, it enables the control of the properties, 

morphology, shape, and size of NPs in one step [1-7]. 

PLAL technique employs several parameters (including 

laser parameters), which are responsible for controlling 

the properties of the resulting NPs, such as wavelength, 

energy, the number of pulses, types, and quantity of 

liquid medium [8-12]. The properties of the material are 

generally affected by the thermal stress that results from 

the mechanism of spread and temperature distribution 

during its absorption of laser beams [13]. PLAL 

technology enables the interaction of the laser beam with 

the surface of the material present in the liquid 

medium and creates conditions conducive to the 

production of a plasma column immersed in the 

medium. This condition leads to the production 

of unique thermodynamic conditions with high 

temperature and pressure that allow NP production 

[11,14].   
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When the metal target is exposed to a high laser 

fuel, the free electrons oscillate collectively on the target 

surface, which causes absorption and scattering 

depending on the wavelength. Metal NPs can absorb 

light in the visible range by creating a collective 

vibration of conduction bands, which is 

in strong resonance with specified frequencies of light. 

This unique feature of metallic NPs is called surface 

plasmon resonance (SPR), where the electromagnetic 

field in the surroundings is enhanced by plasmon 

excitation and produces measurable changes in NPs in 

the optical field [5,14]. Metal NPs possess unusual 

electrical and optical properties and catalytic activity, in 

addition to their high bactericidal effect. These 

remarkable properties are determined by the size, shape, 

and spatial organization of nano-objects and depend on 

formation conditions [15]. Nickel (Ni) NPs have been 

the topic of vast research on numerous applications 

because of their properties, such as extreme catalytic 

activity, high compressive strength, superior 

ferromagnetic properties, and antibacterial effects [16-

21]. In addition, nickel oxide NPs (NiO NPs) have 

acquired massive attention in various scientific fields for 

their physical, chemical, and biological properties [22-

27]. This work aimed to evaluate the effect of changes in 

some laser parameters, specifically energy and 
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wavelength, on the optical and structural properties of 

NPs prepared from a pure Ni plate using the Nd:YAG 

pulsed laser ablation technique to determine the 

appropriate energy and wavelength under current 

working conditions and obtain NPs with low size rates 

and high absorption. 

 

Materials and Methods  

Nd:YAG laser with wavelengths of 1064, 532, and 355 

nm and energies of 50, 100, and 150 mJ for each 

wavelength, repetition rate (3 Hz), and 500 pulses was 

used to prepare three solutions containing colloidal NPs 

in 3 ml deionized water. A pure Ni metal plate with 

dimensions of 1 cm × 1 cm × 1 mm was utilized, and the 

liquid (1 cm) and source (15 cm) levels were above the 

target. 

To determine the extent of wavelengths and energy 

influences on the most important structural and optical 

characteristics of the prepared NP colloidal solution, we 

detected the properties using several 

important techniques; X-ray diffraction (XRD) was 

used to determine the crystalline structure, and the 

average crystal size of the prepared NPs was obtained 

using the Debye–Scherrer equation [4]: 

                                                                     (1) 

where λ denotes the wavelength of the X-ray (1.54060 

Å), θ indicates the angle of diffraction, and β is the full 

width at half maximum of the diffraction peaks under 

various laser fluencies. To obtain the NP shape, we 

determined the diameters of the prepared NPs, active 

groups, colloidal solution compositions, absorbance (A), 

and transmittance (T) spectra and calculated the 

component proportions of the colloidal solutions. Some 

of the most important techniques were used: field 

emission scanning electron microscope (FESEM), 

Fourier transform infrared spectroscopy, ultraviolet-

visible spectrophotometer, and dispersive X-ray 

spectroscopy. By taking advantage of the optical spectra 

resulting from spectrophotometry and depending on the 

length of beam path inside the glass cuvette containing 

the nanocolloidal solution, some optical constants, such 

as the optical conductivity (σ), were calculated using 

Equation (2), and the energy gap was computed using 

Tauc equation (3) [28]. 

                                                                         (2) 

                                         
 
                         (3) 

where α represents the absorption coefficient, c denotes 

the light velocity, n indicates the refractive index, B is a 

constant, h stands for the Planck constant, Eg means the 

energy gap, and υ is the photon frequency. 

 

Results and Discussion  

The outcomes of XRD of nanocolloidal solutions 

prepared via laser ablation at three wavelengths at the 

energy of 150 mJ for each wavelength showed the 

formation of Ni NPs with a cubic phase (JCPDS Card 

No. 00-001-1260), in addition to NiO NPs with two 

dominant phases, namely, cubic NiO NPs (JCPDS Card 

No. 47-1049) and hexagonal nickel trioxide NPs (Ni2O3 

NPs; JCPDS Card No. 00-014-0481) (Figure 1). The 

formation of metal oxide NPs was attributed to the 

reactions between the ejected Ni and the surrounding 

liquid [1], [9], where the NPs of oxides resulted from the 

metal atoms’ interaction with radicals or oxygen atoms 

during dissolution in the liquid depending on the partial 

pressure of oxygen and temperature [29]; this condition 

also explains the appearance of additional peaks given 

that X-rays were scattered by the electrons of air atoms 

surrounding the liquid medium itself. The figure shows 

that the nanonickel oxide phases dominated compared 

with nanonickel. This finding implies the large surface 

oxidation rate of the NPs formed. Regardless, the 

survival of nanonickel indicates the possible completion 

of the chemical reactions between the extruded Ni and 

the surrounding liquid during NP formation. Table 1 

shows that the average crystal sizes of the prepared NPs 

calculated using Equation (1) were 14.6, 12, and 15 nm 

at the wavelengths of 1064, 532, and 355 nm, 

respectively, which means that preparation at the 

wavelength of 532 nm produced NPs with a smaller 

average size. Meanwhile, the use a lower wavelength 

(532 nm) resulted in an increase in the laser flux, which 

caused a reduction in the average crystal sizes of the 

resulting NPs [9]; however, the continued increase in 

laser flux (which was obtained using a lower wavelength 

355 nm) led to an increase in the ablation rate. Thus, NP 

aggregation occurred, and it led to an increased rate of 

their size. 
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Figure 1. XRD pattern of the prepared NPs 

Table 1. XRD analysis results of prepared NPs 
λ 

(nm) 
NPs 

2θ 

(deg) 
hkl 

β 

(deg) 
d (nm) D (nm) 

1064 NiO 37.15 111 0.6 0.241724 13.96268 

1064 NiO 41.2 200 0.5 0.218848 16.96729 

1064 Ni 46.2 111 0.8 0.19626 10.79176 

1064 Ni 52.95 002 0.7 0.17272 12.67366 

1064 NiO 62.2 220 0.8 0.149071 11.59275 

1064 Ni2O3 66.95 004 0.6 0.139601 15.86729 

1064 Ni 78 022 0.5 0.122354 20.43682 

532 NiO 37.9 111 0.6 0.237111 13.99375 

532 NiO 42 200 0.7 0.214863 12.15167 

532 Ni 47 111 0.6 0.193104 14.43234 

532 Ni 53 002 0.8 0.172569 11.09187 

532 NiO 63.2 220 0.8 0.146951 11.65455 

355 NiO 42.2 200 0.6 0.213891 14.18648 

355 Ni 46 111 0.6 0.197066 14.37833 

355 NiO 63.5 220 0.6 0.146328 15.56452 

355 Ni2O3 67.7 004 0.6 0.138235 15.9366 

 

the results of FESEM of nanocolloidal solutions 

prepared via laser ablation at the energy of 150 mJ and 

wavelengths of 1064, 532, and 355 nm, respectively. 

The figures reveal the surface morphology of the 

samples prepared at the scale of 100 nm and the 

spherical shape of the resulting NPs, which is in 

agreement with the finding of other studies [8], [9]; the 

average diameters reached 16.53, 14.78, and 21.73 nm 

for the NPs prepared at wavelengths of 1064, 532, and 

355 nm, respectively. In addition, the figures show the 

distribution sizes, with the average sizes reaching 15.18, 

14.3, and 18.44 nm during NP preparation at 

wavelengths of 1064, 532, and 355 nm, respectively, 

which is consistent with the results of XRD analysis, 

where lower average diameters were observed when 

NPs were prepared at the wavelength of 532 nm. 

Aggregation formation can also be observed, that is, 

clusters composed of two or more NPs were observed. 

NPs induced aggregation; large particles can be 

formed through their combination, and they settled via 

gravitational force, which enabled their collision and 

formation of larger clusters. 

 
(a) 

 
(b) 

Figure 2. FESEM image of prepared NPs at 1064 nm: a) 

at the scale 100 nm, b) size distribution 
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(a) 

 
(b) 

Figure 3. FESEM image of prepared NPs at 532 nm: a) 

at the scale 100 nm, b) size distribution 

 

(a) 

 
Figure 4. FESEM image of prepared NPs at 355 nm: a) 

at the scale 100 nm, b) size distribution 

Analysis of the elemental composition of the 

prepared samples at 150 mJ revealed an increase in 

oxidation rates, consistent with the results of XRD 

analysis (Figures 5, 6, and 7), where the weight and 

atomic percentages and k-ratio of oxygen increase 

observed with the increase in the laser wavelength used 

in sample preparation were calculated based on the 

weight and atomic percentages and k-ratio of Ni (Table 

2). 

 
Figure 5. EDX analysis of prepared NPs at 1064 nm 

 
Figure 6. EDX analysis of prepared NPs at 532 nm 
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Figure 7. EDX analysis of prepared NPs at 355 nm 

Table 2. EDX analysis results of prepared NPs 
λ (nm) Element k-ratio Weight (%) Atomic (%) 

1064 O 0.00765 21.47 50.08 

1064 Ni 0.05537 78.53 49.92 

532 O 0.01836 40.54 71.44 

532 Ni 0.04645 59.46 28.56 

355 O 0.00447 47.64 76.95 

355 Ni 0.00804 52.36 23.05 

Figures 8, 9, and 10 present the curves of some 

properties and optical constants of NPs prepared at 

wavelengths of 1064, 532, and 355 nm respectively. In 

addition to the widening of the peak width, the intensity 

of the absorption spectrum increased with the increase in 

the preparation energy, which is in agreement with the 

findings of other studies [6,30]. These peaks, which 

represent SPR, corresponded to that detected at the 

wavelength of 300 nm. These peaks appeared due to a 

frequency matching the incident-light photons and 

surface electrons of the NPs, which accounted for the 

emergence of a brown color; the tendency for dark 

brown color was also observed with the increase in laser 

energy as a result of the increased concentration of NPs 

in the colloids [1]. As a result of the behavior of the 

absorption spectrum, the transmittance spectrum 

behaved oppositely. As for the optical conductivity of 

the prepared NPs, the peaks were approximately 

observed in the SPR region, and their value was affected 

by ablation parameters as it increased with the increase 

in preparation energy. The optical properties of the 

prepared samples were related to their structural 

properties. Thus, changing the composition of the 

samples affected their optical properties. Given that the 

appearance of metal oxide NPs detected in the XRD 

analysis of the prepared samples implies the formation 

of an energy gap, the values generally increased with the 

increase in the preparation energy except for those 

prepared at the wavelength of 355 nm. In general, the 

behavior of the optical properties curves of the prepared 

NPs applies to the samples prepared at all wavelengths. 

 

 

 

 
Figure 8. UV-Vis spectrophotometer analysis of 

prepared NPs at 1064 nm: a) Absorbance, b) 

Transmittance, c) Optical conductivity, d) Energy gap 
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Figure 9. UV-Vis spectrophotometer analysis of 

prepared NPs at 532 nm: a) Absorbance, b) 

Transmittance, c) Optical conductivity, d) Energy gap 

 

 

 

 
Figure 10. UV-Vis spectrophotometer analysis of 

prepared NPs at 355 nm: a) Absorbance, b) 

Transmittance, c) Optical conductivity, d) Energy gap 

The structural properties demonstrated that the obtained 

nanocolloidal solutions comprised Ni NPs, NiO NPs, 

and Ni2O3 NPs. Thus, the absorption peaks of these 

colloidal solutions, which represent SPR, belonged to 

the Ni NPs. The calculated energy gaps were the direct 
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energy gap, which was due to the NiO NPs that 

dominated the prepared samples, as shown by the results 

of XRD analysis. The energy gap increased with the 

decrease in NP sizes due to nanoscale electron 

confinement, that is, the quantum size effect, which 

means that electrons were confined and occupied less 

space than bulk. The results show that the energy gaps 

(3.48–3.56 eV) calculated at the wavelength of 532 nm 

in the preparation process were higher than those 

calculated at the wavelength of 1064 nm (3.4–3.55 eV). 

This finding is consistent with that of of FESEM 

analysis, which revealed that the average NP sizes were 

smaller when the wavelength of 532 nm was used in the 

preparation. Meanwhile, the use of the 355 nm 

wavelength in the preparation led to an increase in the 

energy gap (compared with the other two wavelengths), 

with values in the range of 3.4–4.1 eV. This finding was 

due to an increase in the average size of the prepared 

NPs caused by the aggregation and agglomeration 

resulting from the increase in laser flow. 

 
Figure 11. Comparison of the absorption spectrum of 

prepared NPs at the highest preparation energy 

Finally, during the comparison of the absorption spectra 

of the prepared NPs at the highest preparation energies 

at the three wavelengths (Figure 11), the highest peak 

was observed for the NPs prepared at the wavelength of 

532 nm, which indicates that this wavelength is the best 

for the preparation of Ni NPs and NiO NPs within the 

current working environment; this condition led to 

smaller average sizes, with the higher peak and its 

widening indicating the smaller size of the NPs, similar 

to previous studies [31,32]; such finding was observed 

in the results of XRD and FESEM analyses. 

Conclusions 

         The capability of pulsed laser ablation technique 

for the preparation of NPs has been proven, with the 

possibility of regulating their physical properties through 

the control of laser and ablation parameters. The results 

of structural and optical measurements of Ni NPs and 

NiO NPs reveal that the use of a short wavelength and 

high energy of the laser led to increases in the oxidation 

rate and concentration of the NPs, which resulted in their 

aggregation. The energy gap of NiO NPs increased with 

the decrease in NP sizes due to nanoscale electron 

confinement, that is, the quantum size effect. The 

current conditions of this work revealed that 532 nm and 

150 mJ are the most suitable wavelength and laser 

energy for NP preparation, respectively. Although the 

first and third harmonics of the laser provided desirable 

results, the second harmonic was the best, the findings 

of which can be used in biological and industrial 

applications. 
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